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1. INTRODUCTION 
1.1 Introduction 
Because of the large destructive capacity of nuclear weapons, 
protective constl"uction that must be ca.pable of rem sting extremely high 
e~eS01lres is required, The ~ tudes of the ruo~l.t$ \.1!ld sheo.rs result-
ing from these large pressures require the use of' beams and slabs which have 
smaller span-depth ratios than those encountered in nonnal construction. Very 
little information is available on the strength and behavior of deep reinforced 
concrete members subjected to dynamic loa.dings. In order to design safe and 
efficient structures to resist these high pressures, 1t 1s therefore necessary 
to determine the strength and behavior of deep reinforced concrete members 
under static and dynamic loads. 
1.2 Object 
The object of this investiga.tion vas to determine the strength and 
behavior in flexure of simply supported reinforced concrete deep beams sub-
jected to slowly and rapidly a.pplied loads a.s s. basis for the development of 
rational and e:fficient design procedures. In particular, it was desired to 
determine the behavior in flexure under dynamic load and to compare it with 
the static behavior i to determine the relation of the u1 t1mate deflection 
under dynamic load to the ultimate static deflection; to determine the increase 
of flexural. strength 50S a function of strain rate or some other factor; end. 
if the data collected are sufficient, to recommend design procedures for deep 
reinforced concrete beams. 
The objeet1ves were to be accomplished by sne.lyzing the results of 
tests made in this investigation of deep reinforced concrete beams under 
static and dynamic loads. 
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1.; Scope 
Tests were made on seventeen beams. SiX beams were tested. statically 
and served as controls for thlt beams tested dynamically. Eleven beams were 
subjected to rapidly applied load which consisted of a "flat-top" pulse of 
"infinite duration". 'Ihe risl! time of the pulse v.approximately 0.8 to 1.7 
times the natural period of the beams. The load consisted ot two concentrated 
loads applied at the third-points of the span. Span-depth ratios of 2, ; and 
4 were used. 
~e beams were reinforced with tension steel, compression steel and 
vertical stirrups. The tenaicn steel consisted of intel"Dled1ate grade deformed 
bars and the percentage used vas either 0.83 or 1.67. The maount of compres-
sion steel vas approximate17 equal to one-haJ.f the tension stHl. 'lbe per-
centage of ,,~b reinforcement varied from 0.70 to 1.42. The web reinforcement 
oonsisted of vertical stirrups for the beams with span-depth ratios of' 3 or 4-
and inclined stirrups for those with e. span-depth ratio of 2. COncrete strength 
was not a major variable. 
In Chapters 2 and :;, the test specimens, losding apparatus, instru-
mentation and testing precedure are discussed. Chapter 4 deals with the 
static behavior. Well-know theories are used to predict the yield and. 
ultimate load capacities, and empirical expressions are derind for the de-
flect10n at yield and ultimate loads. The measured load capac1ties -and 
deflections are compered nth the predioted values. Chapter 5 deals with the 
behaT10r of deep reinforced concrete beams subjected to dynamic loads. ~e 
behavior is established by a study of the crack patterns, modes of faUure, 
relationship of applied load to detlection and strain, yield strength and 
ultimate strength. '!he ~1c behavior is compared to the etat1c behavior. 
Chapter 6 s\JDIDUlrlzes the investigation. 
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1.5 Notation 
Each test specimen referred to in this report is designated by a 
mark number I such as F4Dl2, consisting of letters and numerals. The first 
letter F represents the group of beams tested for this specific investigation 
in the over-all test program on deep beams. '!he number following the group 
letter represents the span-depth ratio and also the width of the beam in inches. 
The letter S or D which follows refers to the type of test: S represents a 
static test and D a dynamic test. 'Ihe n-mnbers following the second letter 
identifies the beam within a series fbr a particular span-depth ratio. 
The following notation has been used: 
A = total area of tension reinforcement 
s 
A I ::: total area of compression reinforcement 
s 
4 
b a width of member 
c -= total eompress1ve force in concrete 
C1 CI totaJ. compressive force in ooncrete for besms reinforced 
with compression steel 
C2 • totaJ. eompressive torce in compressien reinforcement 
d 
d' 
E 
s 
f 
C 
fl 
C 
c effective depth, the distance from the top-compressive fiber 
to the centroid of the tension reinforcement 
:r:I distance from the oentroid of the compression reinforcement 
to the centroid of the tension reinforcemer-t 
:: modulus of elasticity of the reinforcing steel 
c compressive stress in the concrete 
c compressive strength of concrete, as determined from 
standard 6 by l2 ... 1n cylinders 
f c stress in tension reinforcement 
s 
:f' Cl stress in compression reinforcement 
s 
:f = ultima.te unit stress of tension reinforcement 
u 
f." ::: ultimate unit stress of eompression reinforcement 
u 
:f :: yield stress of the tension reinforcement y 
fl = yield stress of the compression reinforcement y 
j = ratio of lever arm of internal reSisting moment to effective 
depth, by straight-line theory 
k = ratio of depth of compression zOne to the effective depth 
by straight-line theory 
ratio of average to maximum compressive stress in concrete 
of beam at ul tima. te load 
fraction of the depth of compression zone 'Which determines 
the position of the compressive centroid at ultimate load 
:c: ratio of max:1:mum compressive stress in beem to cylinder 
strength 
ku = ratio of depth of eompres~ion zone to effective depth at 
ultimate load 
L = span length center to center of reactions 
m 
~ 
M 
u 
n 
p 
:p' 
p 
p(t) 
= mass per unit of length 
= bending moment at flexural yielding 
= bending moment at ult1mate load 
:: E IE 
s c 
= A /bd 
s 
= AI/bd 
s 
= a.pplied load 
= load applied to specimen in dynamic test 
P 1 ( t) = load applied to distributing beam in dynamic test 
p 
y 
PYd 
P' 
Y 
P 
u 
P' 
ud 
pI 
U 
Q 
r 
T 
v 
v 
w 
a 
= measured sta.tic yield load 
= measured dynamic yield load 
= computed yield load 
= measured static ultimate load. 
= measured dynamic ultimate load 
= computed dynamic ul t1mate strength 
= computed u1 timste load 
= resistance of beam 
= percentage of web reinforcement 
= time to failure in milliseconds 
= time to reach maximum deflection in beam subjected to 
given force pulse 
= total force in tension steel 
vertical shearing force 
= V/bd 
= weight of test beam 
= 'Weight of apparatus between load cells 
= deflection coefficient at ulttmate load 
5 
6 
~ 
a 
c 
6 f 
~md 
A y 
b. 
u 
6' 
u 
l:l.' 
u 
Ea 
EO 
E' 
0 
E 
8 
e' 
s 
EU 
€ 
Y 
€ ' Y 
7 
q>y 
CPu 
e 
= acceleration of "rigid" load distributing beam 
= second derivative of midSllan deflection vith respect 
to time 
= computed limiting failure deflection 
= maximum computed deflection of beam subjected to given 
force pulse 
= measured midspan deflection at yield 
:= measured midspan deflection at ultimate 
= computed midspan deflection at yield 
~ computed midspan deflection at ultimate 
:I: strain in concrete 
= strain in tension reinforcement a.t beginning of 'WOrk 
hardening 
= strain in compression reinforcement at beginning of 
work hardening 
~ strain in tension reinforcement 
= strain in compression reinforcement 
= crushing strain of concrete, taken as 0.008 
= yield point strain of tension reinforcement 
~ yield point strain of compression reinforcement 
= angle change at crack 
= unit angle change at midspan at yield load 
= tmit angle change at midspan at ultimate load 
• angle of are.ck inclination vi th the long! tudinal 
direotion of beam 
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2. TEST SPECIMENS 
2.1 Description of Beams 
The properties of the specimens are summarized in Table 2.1 and the 
dimensions are shawn in Figs. 2.1, 2.2 and 2.3. All beams had an over-all 
length of 2B inches and a span of 24 inches center to center of 4-in bearing 
blocks. Span-depth ratios of 2, 3 and 4 were used. The Width of each beam 
was equal to the value of the span-depth ratio in inches. 1h1s resulted in 
a constant cross sectional area for all spec:1lnens. 
Tension reinforcement consisted of one or two intermediate grade 
deformed bars placed in e. single l~?"er. Special anchorage was provided for 
the tension steel in all beams by welding at each end of the reinforcing bars 
1/ 2 in. thick steel anchorage plates which had a width equal to the width of 
the beam and a height of 2 in. (Fig. 2.1). 
All beams vere reinforced with compression steel Y.hich consisted of 
one or two deforoed intermediate grade bars placed near the top surface of the 
beam. No spec1a.l an:horage or ties were provided for the compression steel. 
Both the compression and tension steel extended the full length of the beam. 
fue compression s~l vas placed so that the distance from the top of the beam 
to the cenur of the bar vas 0.75 in. The side cover :for the compression steel, 
and the side aa: bottom cover for the tension steel .. were 0.75 in. for all 
beams. 
All bea::.£ had web reinforcement consisting of No. 7 SWG bla.ck 
annealed v1.re (0.1 TIO in. d1a.). '!he web reinforcement consisted of vertical 
stirrups for the beams v1th span-depth ratios of' 3 and 4. Inclined web 
reinforcement vas used on beams with a span-depth ratiO of 2. Figures 2.1, 2.2 
and 2.3 show the arrangement of the web reinforcement for all beams. 
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2.2 Materials and Fabrication 
Cement. Marquette Type III portland cement vas used in the concrete 
mixes for all beams. The cement was purchased. in paper bags from local dea1ers 
and stored under proper conditions. 
Ag.sregatel. '!he aggregates employed in the concrete were Wabash River 
-
sand and paa gravel obtained from an outvash of the Wiseonsin Gla.cia.tion. The 
gravel is composed mainly of limestone and dolom1 te vi th minor quantities of 
quartz, granite and gneiss. The sand 1s composed mainly of quartz. Both aggre-
gates have been used in the laboratory for previous investigations and have 
passed the usual specification test. '.!he maximum size of the pea. gravel vas 
3/8 in. rrb.e a.bsorptiQn of both the sand and gravel vas approximately 1 percent 
by weight of the surface dry aggregates. 
Reinforcing Steel. Intermediate grade deformed steel bars were used 
in all beams. A coupon 2 ft. long was cut from each bar and tested. in a 
120,OOO-lb. capacity Baldwin hydraulic testing maoh1ne. The speed of the 
movable heed during the testing 'WaS approx:1me.tely 0.08 in. per minute up to 
yield, and 0.30 in .. per minute after yield until tract-un. Strains up to the 
work-hardening range vere measured with an 8-in. extensometer employing a 
Baldwin "microformer coil If and recorded by an automatic recording device. The 
extensometer was then removed and strains up to the ultimate were determined 
by measuring the elongation of an 8-in. gage length with a divider. 
'!he tension reinforcement for all beams of each group was cut from 
the same leng+vh of bar 30 that all bars in a particular group of beams had 
the same mechanioal properties. Each group Of beams consisted of a beam 
tested stat1ca.lly and one or two beams tested dynam1ca.lly. The compression 
steel was selected to match the tension steel properties as closely as possible, 
and all compression steel of a given group vas cut from the same bar. Table 2.2 
lists the properties of the reinforcing steel, and the stress-strain curves 
for each bar used are shown in Figs 0 2.4 and 2.5. 
The No. 1 SWl black annealed wire which was used as web reinforce-
ment bad a yield point of ~proxims.tely 32.0 ksi. 
Concrete Mixes 0 The design of the concrete mixes was based on 
9 
results of previous. investigations conducted in the la.boratory using the same 
aggregates. Table 2.3 lists the properties of the mixes. Moisture sam;ples were 
taken from the sand and gravel at the time of mixing the concrete, and the 
reported ratios are based on the results from these samples 0 All beams of a 
particular group were cast from the same concrete mix and batch. The concrete 
strength in Table 2., is the average of five cylinders tested prior to the test 
of the beams 0 The modulus of rupture in Table 2.3 is the average value obtained 
from tests of two 6 by 6 by 2O-1n. control beams loaded at the third points of 
an 18-in. span. Stress-strain curves for the various concrete mixes are shown 
in Fig. 2.6. 
Casting and Curing. .All beams were cast on their sides in wood 
forms. Before casting, SR-4 electric gages were a.ttached to the tension steel. 
The gages were waterproofed by we.xing J coating the gage and lead wires with a 
plastic asbestos compound, and then coating the plastic asbestos with an 
Epoxy a.cihesive. 
The concrete was mixed from 3 to 6 minutes in a 6-cu. ft. capacity 
non-tilting druD type mixer and placed in the previously oiled forms with the 
aid of' a high frequency internal vibra.tor. Two 6 by 6 by 2O-1no control beams 
and 5 to 8 standard cylinders were cast prior to the casting of the beams. 
Several hours after casting, the top surface of the beams were 
trow~ed smooth and the cylinders were capped with neat cement paste 0 The beams 
and control specimens were removed from their fortns the following day and 
10 
stored in a moisture curing room tor six days. Then they vere stored in the 
labOratory until tested. 
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3 · LOADmG APP.ARATUS, INSTRUMENTATION 1 .AND TESTmG PROCEDURE 
3.1 Description of Loading App~atus 
A 60-kip capacity pneumatic loading machine vas used to apply the 
load to the beams. This Jl8Ch1ne consists basically of a loading shaft attached 
to a piston in a cylinder with gas storage chambersenelos1ng the upper and 
lower portions ot the cylinder. This machine is described in detail in Ref. 1. 
It may be operated as an implosion or an explosion machine. For the tests 
described in this report, it vas operated as an implosion machine using nitrogen 
gas. 
The loading machine was supported by a steel frame as shown in Fig. 3.1. 
" 
'lbe frame was tested under a static load equal to the full capacity of the load-
ins machine and the movement of various points of the base platform was less 
than 0.003 inches. 
'llie reaction assembly is shown in Fig. 3.2. Rotation of the end of 
the beam was allowed to take place about a l-in. diameter hardened pin. 
Horizontal movement was allowed through use of 120 hardened rollers J./8-in. 
diameter between two hardened steel plates. Resistance to uplift vas provided 
by tying the beam snugly to the bearing pin which was held fixed in the vertical 
direction by roller bearing supports attached to it as shown in section A-A of 
Fig. 3.2. Resist.ance to horizontal movement, as determined by tests" was 
approximately 0.7 percent of the vertical force on the reaction assembly for 
values up to 70 kips. 'lhis means tha.t the horizontal restraint at the reactions 
was so small that little error 'WOuld be introduced by assuming the restraints 
to be zero. 
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;.2 Ias:tez:P!entatism 
Appl1e4 load, steel and cO~8tra1nS ,and deflections vere 
meaau:re4 is beth the static antl dynamic testa w1 th electrical 1ndicatillg dey-ices 
aad ftcorded by ~tie o.c1J..lopapb.a. '!be applied l.oads are meuured nth 
loacl eells, s'teel and ecmcrete strains 'With electric at.rain pges, and dense-
tina vi til llDear variable di.tterent1al transformer (LVlYr) gasu. Figure:5. 2 
ahOwa e. typioal teat ae't-up I a.n4 Fig. :5.3 shows the location.. at lIhich the 
.... ~ts were made. 
AnUe4 loab. The same d1str1but1».s beam as that used in the :In-
veat1p.tion of Bet. 2 YaI used to apl'll' two equal loads at the third point of 
the teat beu. as showA in 718. ;.2. 'l'he lOad was applied through 4-u. long 
bu.r1ng bloolts seated OIl leather pa4a. 0V1JlC to the lugth of the bearilag at 
the applied leads and, reactloDS, the ~Ilt d1~ resulting from the.two loads 
is "r:I close in shape to that obta1nedf'rOm uequin.lent lIZlifom load giviDg 
the aame maxi Z7t\P moment (1P1s. 3.3) • BoweYer, the .haara reaul tins from the 
actual loading are greater near the outside edpa of the lNd blocka than the 
ahea:ra from an equivalent unifora load, u shown in Fis. :3.3. 'lb& d1atr1'but1ng 
beam VA8 aqu1pped with load meaaur1ns cella at -aah end to _aaure the macn1-
tude of the loa.d pulse applied to the beam. In addition, &. third load cell 
Ye.8 used to measure the 10a4 applied by the piston to the distributing beam. 
!hue oella cCi)na1ated of a atra1n pse brid.p lIlQUnted on hollow steel cylinders. 
Iach brldp C!Oll8isted of four type 13 SR-lI. electric bonded wire resistance 
strain .-a. A. diagram of the B~ pp br1d&e and equipment used to record 
its out}n1t 1a show in FiS. ;.~. !'be forces meaaured by the 10&4 cella and 
reooN.iq equip;ent are e8t~ted to have an accuracy of 500 lb. 
Calibration of Load Dl'unnometer!. ~ load cella ~ calibrated 
in a 120, OOO"lb. BaldY1n hydraulic teat1n& machine. Increments of load were 
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applied and the corresponding output of the strain bridge was measured with a 
Baldwin SR-4 portable strain indicator. Curves of load va strain output wre 
then constructed. The load cell strain gage circuit vas then calibrated by 
shunting an arm. of the bridge 'With various selected resistors and measuring 
the indicated strain output by an SR-4 strain indicator. By the use of the 
load-strain output curves the load corresponding to each resistor was 
determined. At the beginning of the beam tests 1 the resistors corresponding 
to definite values of load were switched into the strain gage bridge circuit 
and the output recorded by the oscillographs to establish the calibration for 
the oscill.ograph traces in terms of load. 
Strain Measurements. Steel strain in the reinforcing bars were 
measured with type A-7, SR-.4 electric bonded Wire resistance strain gages and 
'With type HE-14lB Tatnall metal film electric resistance strain gages. The 
A-7 gages, numbered 1, 2 and. 3 in the curves and data of this report, were 
cemented to the reinforc 1ng bar where the lugs had been removed. Tllese gages 
'Were used to measure the strains up to the yield range and were calibrated. at 
a. sensitivity to read a maximum of 0.4 percent strain. '!hese gages were mounted 
on the top side of the reinforcing bar at midspan and near each end of the 
span as shown in Fig. 3.3. ~e HE -141B gages, numbered 5, 6 and 7 were mounted 
on the bottom side of the reinforcing bars at identical positions as the A-7 
gages. ~ese gages were used to mee.sure the large strains in the wrk-
hardening range and were calibrated to read a maximum stra.1n of 14 percent. 
For some beams, the signals from each HE-141B gage were recorded on two dif-
ferent Channelsj one channel at high sensitivity for small strains and the 
other at lov sensitivity to measure large strains. 
Concrete strains were measured at midspan on the top surface of the 
beam as shown in Fig. 3.3. Type A3, SR-4 electric gages were used. 
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Both concrete and steel strains 'Were measured by using a separate 
strain gage bridge circuit for each gage point. Eaah bridge consisted of the 
measuring SR-4 gage mounted on t.he test specimen and three dUZlIIl1Y gages mounted 
on a steel plate. A diagram of the c1reuit of the strain sage bridge and 
recording equipment is shown in Fig. 3. 4. 
Calibration of St.:ra1n Bridges. The strain gage bridges for the 
concrete gage and for the steel strain gB&es for small atrains were calibrated 
by shunting one of the gages of the bridge with s$~ected resistors and measur-
ing the output of the bridge with a SR-4 portable strain indicator. !hese 
resiston, 'Which correspond to def'1n1te s"train values, vere then switched 
into the circuits immediately before the test of the beam and the output of 
the bridge recorded by the oscillograph. ~1s procedure save the ca.llbration 
for the oscillograph traces obtained during the test of the beam. The strain 
gage bridges used to measure the large steel strains in the 'WOrk-hardening 
range vere calibrated. in a. similar manner except that selected resistors 'Were 
introduced in series with the gages .. 
Deflections. nenections were measured. at the top suri'ace of the 
beam at midapan nth three linear var1able differential transformer (LVlJI') 
de:f~ection gages. The" fixed ends n of' the deflection gages vere mounted to 
brackets attached to 2-in. pipe supports 'Which were attached securely to the 
base of the testing frame (Figs. ,; • 1 and :3. 2). ~e pipes were further "fixed U 
by anehoring the 1r tops to the testing frame with rods tightened by turn 
buckles. The movable core of the LVJ:Ir g~ea was attached to the end of the 
cantilever steel bar which W'6.S attached to the beam.. The deflection gages 
were calibrated prior to testing of the beam by mov1ng the "fixed base" through 
desired increments of deflection and recording the output of the LVD'.C gages 
by the osc Ulograph. This establlshed the calibration to be used in reducing 
the deflection traces obtained during the testing of the specimen. 
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The measured deflections up t.o and slightly beyond yield a.re the 
average values of two LVT:fr gages, one motmted on each side of the beam as 
shown in Fig. 3.3, to avoid errors resulting from the beam twisting trans-
versely during the test. A third LVJJr deflection gage, mounted on one side of 
the beam only, vas calibrated at a smaller magnification in order to read the 
deflections up to failure. lile error due to &1Y possible transverse twisting 
vas expected to be small compared vi th the larger deflections oeasured in this 
range • 
.3 • 3 Testing Procedure 
Static Test.s. One beam from ea.ch group was tested staticaJ.1y in 
order to determine the static behavior for a given series. These tests were 
made with the same equipment used for the dynamic tests 'With the load. applied 
in a.bout 3 to 6 minutes. After the beam vas placed in the testing frame and 
the 'Wiring of' all circuits oompleted, the deflection gages vere calibrated and 
the results recorded on film by the oscillograph. :Lbe load cells and strain 
gage bridges were then calibrated and the results recorded by the oscillograph. 
Load was applied gradu.el.1y by allowing compressed. nitrogen gas to bleed into 
the upper cylinder and thus force the piston and loading shaft against the 
beam. The load was applied at a. unifonn rate until failure of the beam. After 
the test, the beam was photographed to show its condition after failure. 
Dynamic Tests. The load applied in the dynamic tests consisted of eo 
"nat top" pulse that remained on the beam until failure. The riee time of 
the load varied from 2 to 5 milliseconds (see Figs. A-5 to A-1 5). 
After the beam was placed into the test frame, the load cells, 
strain gage bridges} and deflection gages were calibrated using the same pro-
cedure as for the static test. 
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The upper ehamber enelosinl the cyl1nder of the loading machine 
vas then pressurized to the desired level and 1mmed1.ate~ before "firing", 
the auxiliary chambers 'Which activate the slide valves 'Were pressurized. 
Solenoids were energized to trip the trigger system and allow the slide valves 
to open and the compressed nitrogen to esoa.pe into the cylinder and apply load 
to the beG. At the eompletlon of the testa, :final readings of the load cells 
were taken 'With en SR-4 strain indicator to determine if they had been damaged 
during the test. 
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4. -BEHAVIOR OF BEAMS TESTED STATICALLY 
4.1 Introduction 
In this chapter, the behavior of reinforced concrete deep beams 
subjected to concentrated loads acting at the third pOints of the span is 
described and it is shown that this behavior can be predicted reasonably well. 
Well-known theories are used to predict the yield and ultimate load capacities, 
and empirical expressions are given for the deflection at the yield and ulti-
mate loads. The measured load capacities and deflections are compared with 
the predicted values. 
4. 2 Cracking and }bdes of Failure 
llie behavior of reinforced concrete beams is greatly 1n.fluenced by 
the types of cracks that develop. In these tests, there yere two main types 
of cracks, vertical. and inclined. The vertical cracks formed in the maximum 
moment region 'When the flexural stresses exceeded the tensile strength of' the 
concrete. 'Ihe inclined cracks occurred 'When the inclined tensile stresses 
resulting from combined shear and bending exceeded the tensile strength of the 
concrete . ~ese cracks formed first at the bottom of the beam near the support 
and propagated tovard. the top near midspan. At yield, these cracks were .fully 
developed and the strains in the tension steel became nearly uniform along 
the entire span. '!he beam thus behaved like a tied arch in which the tension 
steel acted as the tie and the concrete above and outside of the inclined 
crack serv-ed as the arch rib. Winemiller and. Austin (3) found that even vi th 
'Web reinforcement the tension steel strains became nearly uniform along the 
entire span length and arch. action thus still existed. 
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The inclined cr84ks change the distribution of stres. and strain 
in the folloYiDg vqs: (1) The inclined. crack often penetrates 1n~ the 
oompression zone mucll higher then the neutral axis corresponding to flexure .. 
thereby reducing the effective area upon which both the oompressive and 
shearing forces aet. (2) ']he inclined oracks cause a concentration of com-
pressive strain in the region above the crack, increasing the acmpress1ve 
strain for a. given moment and thereby increasing the tendency tor crushing 
of the concrete. .And (3) areh action causes high. stresses in the tensiOn 
steel near the supports vhieh may cause anchorage or bond failures. 
~e chief interest in this inYest1gat1on was the behavior of beams 
failing in flexure. The mechanism of shear faUure 18 described in detail 
in Ref'erenee 4. However, the various modes ot failure are defined here sinee 
some of the beams in this investigatiOn fe.11ed in shear. 
Flexural Failure. Re1n:f'oroed concrete deep beams 'beha.Ye as tied 
arches. FaUurtt of the deep beem occurs When either the "areh rib" or the 
"tie n fails. A flexural failure occurs if the tie ruptures or if the concrete 
in the arch crushes in the mSJdmum moment region at midspan. 
Shear Failure. In beams of ord1.ruu.'7 span-depth ratios, shear failures 
are general.ly claaaif1ed as "diagonal tension" or Nshee.r-compression" a The 
mechanisms of these failures are described in detail by Laupa., Siess I and 
Newmark (5). A diagonal tension failure is the crushing of the concrete above 
the inclined crack simultaneously nth the formation of the crack. If the 
inclined era.clt continues to grcw as the beam carries additional load, untU 
the creek extends into the compression zone and the Cloncrete crushes, the 
failure is defiDed as "lhear-eampres81on". 
In reinf'orced concrete deep beams, shear failures are considered. as 
a destruction of the concrete in the arch rib at regions other than the "erovn" 
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and can be considered a modified for.m of a shear-compress1on t,ype 'of failure. 
A second inclined crack 1s formed outside and approximately parallel to the 
first crack. The concrete between the t'WO cracks is the arch rib and failure 
occurs When this rib crushes and the concrete outside and adjacent to the 
10 ading block shears along a vertical plane. It is difficul t to determine 
wether the shearing action preceeds, occurs simultaneously with, or after 
the crushing of the arch rib. 
Flexure-Shear Failures. Flexure-shear failures are failures in 
which the full strength of the beam has been developed in both :flexure and 
shear. A:fter failure beams failing in this mode have the appearance of both 
fleL-ure and shear failures. 
Figures 4.1 include photographs of the beams after failure. 'Ihe 
beams show. in Fig. 4.1a all failed in flexure by fracture of the tension 
steel. All of these beams were reinforced with 0.83 percent tension st.eel 
except beam F4S22 which had 1.67 percent tension steel. For these beams, the 
main cracks vere t"lexural and occurred in the middle third of the span. The 
concrete in !..tis region of beam F4s22 was broken into three pieces as shown 
in Fig. 4.1a. For beams F3S2 and F2S1 tva main flexural cracks occurred on 
each side ot t:..;.~pan resulting in one large piece of concrete remaining at 
midspan a.~r : .. 11 u..-e. Beam Fltsl had only one main flexural crack at midspan 
and most ot t.t.e concrete on each side of the midspan 'Was therefore left intact. 
Beac£ 1)S3 and F2S2 in Fig. 4.1b failed in shear by the concrete 
shearine and cr..u;h1.n.g in a region adjacent to the loading block and extending 
from the top ot the beam down to the inclined crack coming from the support 
region. This type of failure is shown for beam F2S2 in Fig. 4.1b. Flexural 
cracks occurred in the middle third of the span for beam F2S2; hO'WeVer, they 
had Ii tt1e effect as compared to the destruction that occurred in the shear 
span. This beam vas reinforced with 1.29 percent tension steel. 
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The failure of beem F}S3, Fig. 4.lb l had some of the character-
istics of a shear fa.i1.ure in tha.t there vas a definite "faulting" or shear 
deformation in the sheer span e.:fter or at. f'a.11ure. Hoveve:r, the appearance 
of the beam in the middle third of' the span was s:1m1lar to that of the flexural 
fa.1lure of beam F4s22, Fig. 4.1a and 1 t seems that the "sheer fa.ilure It occurred 
after or simultaneously with the f'lexural fa.Uure at midspan. Considering 
this behavior, topther with the large duat1l1ty of the beam, 'Which Yiil be 
disoussed later in this chapter, the failure of this beam has been cJ.assi£'1ed 
as in flexure -shear. 
~.3 Load-Deflection Curves 
The load-deflect1on curves for the' beams tested stat1cal.ly are shawn 
in Fig. 4.2. In general, all of the curves have the same shape. me first 
part is approximately a. straight line up to yield. .After yield, the curves 
are approximately horizontai for a short distanc:e. For the :remaining pe;rt1on 
of the curve the load again i.n.crsssea with deflection but w1th the slope of the 
curve decreasing until failure is reached. It can be seen that the stifi'ness 
as measured by the slope of the first part of the curves increases as the span-
depth ratio decreases, as would be expected. 
Yield load and deflection were est~ted ~ load-deflection eurves 
plotted to a larger scale by extending the ttpper portion of the initial slope 
to intercept an extension of the beginning part of the oeondary i5lope. This 
construction creates a sharp knee at the point wh1eh defiDes reasonably well 
the load and deflection at yielding. ']here is, Of course, aome interpretation 
invOlved in this determination. The yield loads eJad yield deflections deter-
mined in this manner are given in Table 4J.. Ultimate load, ult~te deflection, 
and ductility (ra.tio of ultimate to yield de:t1act1cn) are 8'80 given in Table 4.1 
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for each beam tested statically. For aJ.1 beams 1 the ultimate load' is con-
siderably greater than the yield load. This is to be expected since four of 
the six beams tested failed by fracture of the tension steel and in the other 
two beams, the strains were well into the work-hardening range. The ultimate 
load for the beams which failed by fracture of' the steel was 1.35 to 1.48 times 
the yield load, werea.s the ultimate strengths of the~ reinforcing bars tested 
were 1.61 to 1.68 times the yield stress. This indicates that the ultimate 
strength of the steel in the beam 'Was less than the u1 t:imate strength of the 
coupon since it is unlikely that the moment arm of the internal couple reduced. 
At ultimate deflection the steel reinforcing bars undergo considerable curva-
ture and it may be that the additional bending stresses in the reinforcing 
bar caused the bar to fracture at a lower tensile force. 
'!he ductility ratios of the beams failing in flexure varied from 
23.8 to 38.9. Beam F2S2, which failed in shear, had a ductility ratio of 10.8 
which 1s st1ll 8 reasonably high value. 
4.4 Steel Strain 
Steel 6t.ra1nB were zooasured at the middle and near each end of the 
span as shovn !.n rig. 3.3. Gages 1, 2, and 3 were used to measure the strains 
up to about 0." percent, 'While gages 4, 5, and 6 were used chiefly to measure 
the st.raina be)"Ond this value and up to a maximum of about 14 percent. 
CurTea of load versus steel strain are presented in Figs. 4.3 through 
4.8. '!.be ahspel of ill the curves are similar. In general, the load-strain 
curve up to the work-hardening range can be represented approximately by three 
straight lines. '!be first line is very steep and represents the strains bef'ore 
cracking takes place. The second line is a much reduced slope and represents 
the strains from the initiation of cracking to yielding. Actually, the use of 
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a s1Dgle Btr&1Ch't line in this reC10a 18 lllWlh sore of an &PJl'OXilIatlOn thaD in 
the other 1;W resiGna 41ae .. led. !he th1rd line baa zero .lope and HPl'Qellts 
the strains f2-am T1el41ns to the beginning of s'traia-ha:rden1n&. 
!he load .. tra1n curves ahow that the tfmaioa .teel at aidapan aoae-
time. d14 l30t Tie14 UIltil a .tra!D. sreatfto 'than tbe Jield strain ot the coupon 
bar was reached. It is also bOt1oecl that the steel strain at a1d8pa at the 
sta.'M ot the 'IOrk-haft1m1'01 rqion fer beau FlIsl aD4 7282, 118. 4.3 and ~.8, 
is cGu14erabl1' gna'ter thu thttCOZTe.pon~ steel .train detendned from 
coupon tens. For beams 1352 aDd F2S1, !'1p. 4.5 an4 4.7, the wrk-har4en1na 
strain trom the be .. teata aarees with that Of the coupe teats. 
In eeural, up to 71eld, the at4tel atn.iu- at points near the supports 
yere onl.1' .11sht~ suller thaD the steel stra1D at midapaJl. J'1.garea It..if. ad 
4.5 ahoY that beau .111822 and :r;S} behave4 as tied a:rches Yith the steel.trains 
of gaps 1 aad 3 nea:r~ equal to the strain fOr .188* 2. F1pres 4.', 4.6, 4.7 
and _.8 Bhev the be .. F4Sl" ~S3, 7281 and 7282 also behaved. 88 tied archea, 
but the stra1na o:t ppa 1 aDd 3 are leBa than the st:ra1zl of sage 2 to a larpr 
degree than 118.1 the cue tcJr be_ As22 aDd 1383. 
Por 80M of' the te.u, etra1u .... 4, 5 aut 6 vera calibrated to 
measure sma' J as vell as larse atra1U an4 ~ sipa1 :fl'OI1 each gap was ft· 
corded Oil two separate chanM18 of the 08¢1llopaph; ODe cru.nMl to%' ....u 
strains aDd the other tor large .trains. Gqes lI., 5 and 6 wre JD01mted on the 
bottom side of the bar ol'jt081te ...... 3, 2 and 1, napectiftl1'. P1pree -.7 
and 4.8 shoY a ccaparison of the l'88d1n.s tor gape l, 2 and , Yith tho .. tram 
6, 5 and 4. '!heBe figt.1re8 show that S&IU 1 aDd :3 ~ vell with It. and 6. 
Howntr, the at.raillS tor pp ; are 8OM:1Ihat create%- than tho •• tor gap 2 tor 
e:a:! giyen load below 71eld. S1nee 'tlWae PIU _:re only 1/4 in. lons, snti 
cons1d.er1l1g the ~1ea et strain dirlrtbu't1mt that occur in a re1Dto~ins 
bar , it is concluded that the differenees in the gage readings at the same 
gage point as shown in Figs. 4.7 and 4.8 are not unreasonable. 
4.5 Concrete Strains 
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Concrete strains were measured at the top midspan of the beam Yi th 
SR-4,. type }O, bonded wire resistance gages. 
IDa.d va concrete strain curves are presented in Fig. 4.9 for all beams 
tested statically. '!hese curves shoy that the strain at a given load decreases 
as the depth increases and as the steel percentage increases as would be 
expec12d. 
ihe maximum strains measured varied from 0.47 to 0.60 percent. 
However, this does not mean that the se are the maximum strains reached in the 
concrete of the beam. When the concrete begina to crush the strain in the 
bonded gage may reduce because the piece of eoncrete on which the gage is 
mounted becomes dislodged from the beam at first orushing resulting in a. re-
duction of strain. Also at final crushing, the bond between the strain gage 
aDd the concrete ~ be destroyed and cause an apparent reduction of strain. 
4.6 Yield Strength 
In this section, well-known formulas from the straight-line theory 
are used to compute the yield loads of the beams tested statically and these 
loads are then compared vi th those measured in the tests. 
The analysis of the yield strength of a beam subjected to moment is 
based upon the following assumptions which are illustrated in Fig. 4.10. 
( 1) Strain distribution is linear throughout the depth. 
(2) Stress is proportional to strain for both concrete and steel. 
(3) Tensile stresses in the concrete are small end are neglected. 
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For beams re1ntorced Vith tension steel only, the moment at yield 
1s taken as the moment at which the steel :r~eld, thu: 
where 
\ = Asfyjd 
J • 1 - k/, 
k • V2pD. + (pn)2 - PJ1 
The value of n is the ratio of the modulus ot elast1city of steel to the 
JIOdulu. Of 4&laat1city of concrete. In this repon the value of n vas 'Hken as 
6 + 10,000 Xl a tt 
C 
which vas found by Sozen (6) to 'be satisfactory tor the materials usecl in the 
tabrication of the be .... of this report. 
moment is 
where 
For beams re1Jltoroed in both tension and ecaprea81on, 'the yield 
J • 1 - k/3 
6 10,000 n· + t' 
C 
1lJ.e )"1eld J.oads were COJD.p\lted from the aboYe formulu for the beams tested 
statically in this :1J1Teat1ge.t1on and also tor 'tJuJ beau ot Series E aM G in 
reterellC •• 2 and 4, reapeaUTe].y. 1he measured aDd eClQU't.ed 71eld strength-
tor the above beama are reported 1Jl '!!able 4.2 and plotted :in Fig. 4.11. 
!!he ratio of the -uured to oC3lapUted· 71814 load Taried frcm 1.14 to 
1.21 tor the beema Of Series F with an .. race Yal'ue ~ 1.17. For the Series E 
beams, the ratio of' the meaaured to eompute4 ,-teld loads varted from lell to 
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1.18 'With an average value of 1.14. All of the' Series F beams were reinf'orced 
with 'Web reinforcement and all except tw of the Series E beams were reinforced 
with clamp -on stirrups. 'ilie ratio of measured to computed yield loads varied 
from 0.93 to 1.16 for the Series G beams 'Which ~ web reinfo~cement (Table 4.2). The 
only explanation that can be given 'Why the average ratio of' measured to computed 
yield load is lover for Series G than for the Series.E-and F is that the beams 
of Series E end F had web reinforcement while those in Series G'did not. This 
is not, however, verilied by the results shown in Table 4.2 because the tw 
beams of Series G ~ich had web reinforcement had ratios of measured to computed 
yield load lower than those of' Series E and F and lower than the average for 
Series G. Nevertheless, the comparisons in Table 4.2 in Fig. 4.11 Demonstrate 
that the yield load can be conservatively and consistently est~ated by using 
the well-knovn conventional straight-line theor,y. 
4. 7 ill. t1mate Strength 
In this section., 1 t yiJ.J: be shown that the ultimate strength of.' deep 
reinforced concre·te deep beams subjected to coneentrated loads at the third-
points of the span can be estimated reasonably well by using the existing ul ti-
mate strength concepts but 'With a crushing strain equal to 0.008 instead o:r 
0.003 to 0.004 as usu.e.J.ly essUIUed for beams of.' conventional span-depth ratios. 
The analysis for strength of a beam subjected. to ultimate moment is based 
upon the SeIDe assumptions as for yield moment except that stress is not ass'UID.ed 
proportional to strain. '!he assumed stress-stra.in relationships are shown 
in Fig. 4.12. 
For beams reinforced with tension steel only, the ultimate moment 
is given by 
where klk3 'WaS given by the follaw1J:ag empirical relatiOll (5) 
kl~ = 1.'7 - o.i08 t~/lOOO 
and k2 was assumed as 0.42. F1,)r a given beam, all of the values 1n the above 
equations -were known except the steel strelS, fa" !his 8t~8a may be determined 
from two sets of cc:md.itions relating t.be stress and strain in the re1ntoreement. 
One cond1t:Lon is obtained for the relation betveen SVeS8 and strain 1n the 
beam and is based on the suanation of horizontal forces equal to zero and on 
the a.ssumption of linear strain d1Str1but1en. From this condition one obta.1us 
k..k-f' E 
f • ~J c ( ~) 
S P E + as 
l U 
Since a.l.l terms in this expressioll except t and E are knoW or oan be aas1ped 
S 8 '. 
values , it thus represents one relation between t and c ¥hiGh lI\J,St be 
s s 
satisfied. Another reJ.at1aXl is given by the .tress .. stra1n curve tor the steel 
used. When these tw relations are sat:1stied. simultaneously" either grapb1eal.ly, 
algebraically, or by successive numerical trials, the result is a s1ngle value 
of is 'Which mB\Y be substituted into the expression fer ~. 
~e ultimate moment expression for 'beams rein:.ro:r-ced with tens:1.on 
and compression steel is given approximately by 
[
- k2 'Pta prf~ J-
M • (Asfs - A~ t;)(d) 1 - k'k (p- - 7') + A~f~4' 
u 13 c . c 
In the above equation, all quantities except the steel stresses fs and f~ ·are 
known for 81JY given beam. These utreBda can be dete.rm1ned :r.rc& the same two 
sets of condit.ions discussed above. From the first condition one obtains 
lile seoond condition is "the stress-strain curv-es tor the tension -and compression 
steel. When these two conditions are satisfied simultaneously, the result 
is single val.ues of f ant ft which ~ be substituted into the expression 
s s 
for ~. 
Using the above expressions" the ultimate lOads were computed for 
the beams tested statically in the investigation of this report and also for 
the Series E and. G beams reported in references 2 and. 4, respectively. The 
measured and computed yield strengths for Series E, F and G are given in 
Table 4.3 and plotted in Fig. 4.13. 
The ratio of the measured to computed ultimate load varied from 
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1.00 to 1.13 for the Series F beams with an average vaJ.ue of 1.08. For Series 
E, the ratio of the measured to computed yield loads varied from 0.96 to 1.04 
'With an average value of 1.00. All of the Series F beams were reinforced nth 
web reinforcement snd all except tvo of the Series B beams were reinforced 
with clamp-on stirrups. ~e ratio of the measured to computed ultimate load 
varied from 0.83 to 1.04 for the Series G beams with an average value of 0.93. 
Again, as was the case for the yield strengths, the average vaJ.ue of' measured 
to computed ultimate load tor the Series G beams 'Was lower than the average 
value for the Series E and F beams. No e.xpl.a.nat1on can be given for this ex-
cept that only two of the Series G beams were reinforced with web reinforcement. 
The above shows, however, that the ultimate moment can consistently 
be estimated vi th good accuracy for reinforced concrete deep beams under con-
centrated loads at the third-points of the span. z.breover, it is shown in 
References 3 and 7 that the ultimate capacity of re1n£oraed concrete deep beams 
under unif'orm load also can be predicted reasonably well. Winemiller and 
Austin (3) used a concrete crushing strain of 0.008 which was approximately 
equal to the measured average concrete crushing strain. 
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4.8 Yield Deflection 
The behavior of a beam under load can be described more clearly by 
a. load -defJ.ection curv-e than by allY other means. In order to define such a 
curve, the yield load, ultimate lead, yield deflectiOn, and ultimate deflection 
must be determined. It has been shown in Seetions 4.6 and 4.7 that the yield 
and ultimate loads cen be predicted. In this section, an expression will be 
given which alloys the yield deflection to be estimated reasonably well. 
First, it is necessary to consider the crude models shown in 
Fig. 4.14. In :Fig. 4.14&, it is assumed that all of the de:f'leet1on is due to 
one flexural erack at midspan and that the beam consists of two rigid blocks 
hinged at the top and nth all the def'ormation of the tension steel concentrated 
at the crack.. ~18 1s the ease· if the angle cb.e..nps due to the deformation of 
the concrete are small in comparison to the angle chAnge at the crack: or if· 
there is no bond of the concrete to the tension steel. 
rrbe deflection for the top midspan ot thU model is then 
where cP y is the un1 t angle change at first yielding o.f the tension steel (see 
Fig. 4.10), and is ASsumed to be 
However I the concrete 18 not rigid and add! tional deflections would result 
:from shear deformation of the concrete. 
In the model of Fig. 4.14b, the deflection at the top hinge of the 
tied arch is as sumed to be equal to the deflection· at midspan of the beam. 
This deflection 15 equal to 
i ~7 • 4-kd 
This model 18 cru<le 1n that it also does not take into account ~ ehearing 
deformatiOD of the concrete. 
In the mcdel of na. 4.14c 1. t 18 asstae4 that the total detlect10n 
is due to the aqle chanpl Q.Onaentn:te4 at the diagonal cracks. ~ reau1t1ns 
deflection a approx1aatod by 
Ap.1n this model doea not take into account any deformations of the concrete. 
'!he coefficient 1/iI,. 111 t.be above equations for all models depends on 
the uaaption that th~ are 1lO bond stresses acting.. Whether or not this is 
true depends on 'Whether the behaTior'is beam or arah action, vh1ch in turn 
depends OD the span-4evth ratio. Therefore, it shOuld be assumed that the 
2 ' 
eoeff'1c1ent of ::P yL 18 a function of the span-depth ratio and. not a constant" 
In add! tion, the 4e:f'leetion due to shear 18 .. surned to be a function of the 
nomina' ahear1ng unit stres. Y u v/bd, span l~ and strength of concrete. 
This, then, leads to an emp1r1cal. relation of the 'tJpe 
where the first tam is the deflection due to the flexural deformations a.nd 
the second term 1& the detl~tion due to iZe Iheari.nc deformations. ~is 
equation was emp1ria~ it tted to the measured def'lections given in Table 4.4 
nth the follOY1ng results 
s,. <i).[ O.}O • 0.026(:>] 
For a beam loaded 'With concentrated .loads at the third-po1nts of the span the 
expressions for the midspan deflection thus becomes 
'Where 
c 
"p .-L-
Y d-kd 
The computed yield deflections using the above expressions are listed 
in Table 4.4 and plotted in Fig. 4.15 versus the measured deflections. The 
ratio of measured to computed yield deflections varied from 0.68 to 1.34 with 
an average value of 1.00. For the tw beams (F3S2 and E332S) for 'Which the 
greatest deviations were observed, the measured deflection 1& questionable 
since the deflection of F3S2 and all of the Series E beams were measured at the 
end of a cantilevered arm on only one aide of the beam and any transverse twist 
of the beam would result in erroneous deflections. ~e yield deflections for 
the other beams vere average values of· the deflections of a rigid bar extending 
on each side of the beam as show in Fig. 3.3. Figure 4.16 shows the ratios of 
measured yield deflection as a. function of the span-depth ratio and percentage 
of tension steel. Figure 4.17 shovs the ratio of the measured to computed 
yield def~ection as e. function of ooncrete strength. These figures show that 
the previous exp:ression developed for yield deflection appears to be proper and 
that the yield deflection can be predioted quite accurately. 
4.9 Ultimate Deflection 
For beams failing in flexure, the major cracks a.t u1 t1ma.te are the 
flexural cracks ocourring in the midspan region. Concrete strain measurements 
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along the span as reported by dePaiva (7) and Winemiller (3) show that the 
major portion of the total angle change is concentrated over a very a:Lort 
distance a.t midspan. Thus J it is not unreasonable to assume that the total 
angle change 1s concentrated at midspan as shown in the model of Fig. 4.14a. 
'Ihe dei1.ection at ultimate load can then be calculated ut3ing the equation 
6' = ex cP L2 
u u 
where a is a coefficient to be determined experimentally and cP is the unit 
u 
angle change at midspan (Fig. 4.12) which is assumed to be 
€ 
q> =..1L 
u kd 
u 
It can be seen from the above equations that the ultimate deflection cannot 
be predicted vi th any more accuracy than that vi th which the crushing strain 
of' the concrete, € 1 1s known.. Since the crushing strain of concrete can var'.f 
u 
considerably from 0.008 as used in computing the load-carrying capacity, the 
computed ultimate deflections should also vary considerably from the measured 
deflections, even if" a is known exactly. 
A study of the test results show that if Q 1s taken as 0.28, the 
ratio of measured to computed ultimate deflection varies from 0.66 to 1.40 with 
I 
. an average value of 1.00 (Table 4.5). The measured deflections are compared 
with those computed using ex = 0.28 in Fig. 4.18. Since the reliability of' the 
calculation for ultimate deflection is obviously far less than that for yield 
deflection (Fig. 4.15), it might be deSirable to aim for a safe minimum 
computed deflection rather than an average. In Fig. 4.19, it can be seen that 
for a = 0.20 the measured ultimate deflection is nearly alvays equal to or 
greater than the computed deflection. 
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5. :BEHAVIOR OF BEAMS TESTED DYNAMICALLY 
5.1 Introduotion 
In Chapter 4, it was shown that the behavior or d"p reinforced 
concrete beams subjected to slowly applied loads can be predicted. In this 
chapter, the behavior of deep reinforced eonarete beams subjected to rapidly 
applied loads 1s discussed. ibis behavior is established by a study of' the 
cra.cking patterns, modes of failure I relationShip of applied lOad to deflection 
and strain, yield strength, ul.t1mate strength, and strain rates. '!he dynamic 
behavior is also compared to the static behavior. 1he test data are presented 
in the form of curves, tabJ.es and photographs" 
5.2 Presentation of Test Data 
'!he basic test data are presented in the Appendix. 'lhflse include 
photographs of the beam during the test, and curve; of applied load, deflection" 
and steel and conC!rete strains plotted as a function of time. 
Photogrspha. Figm"es A.l through A.4 include photographs taken with 
a Wollensak Fastex movie c:emera at a speed of 4000 frames per sec during the 
application of load on the beam. These photographs ahaw the appearance of the 
beem at various stages of load1ng~ It is important to note that only those 
cracks that have opened sufficiently to be observed by the naked eye appear 
in these photographs. Nevertheless, these photographs ahOY the failure process 
and aid in the determination of the mode of failure for a0m8 of the beams 'Where 
the moq.e 18 questionable. In addi t1on, photographs taken after failure of the 
beams tested dynamice.lly are shown in Fig. 5.1. All of the photographs vUl 
be used in the discuss ion of craak1ng and modes of failure in Section 5.3. 
Load-Time Curves. In this investigation, the desired load, pulse 
was one in 'Which the load increased from zero to maximum load at a 'lmiform 
rate and then remained at this load until failure. The load pulse that was 
obtained, however, consisted of a load which increased fram zero to maximum 
rather unif"ormily and then dropped. off and oscillated about a value somewat 
lotrer than the maximum load tmtil failure. These load pulses are shown in 
Figs. A. 5 through A. 15. 
Damping reduced the amplitude of the oscillations to a negligible 
amount in a few milliseconds, with the exception of beams F2Dl and F2Dl2 
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(Fig. A..l2and A.13). It is believed that the oscillations were caused by 
vibration of the loading ms.chine. If the testing machine oscillates in the 
direction of the applied load during a test, the magnitude of the load applied 
to the beam 'WOuld be the force exerted by the nitrogen gas on the piston plus 
the inertia forces of the piston, loading shaft and load distributing beam. 
These iner~ia forces change direction ever.y halfa,ycle of vibration and act 
in the opposite direction of the acceleration. There~ore the applied load to 
the beam wuld be greater than that expected from the gas pressure for one-
half cycle e.od less than that expected for the next half cycle, etc. 'Ihis was 
the cas e for ~e load -time traces shown in Figs. A. 5 through A.15. other 
investigat.ors (t B..".lC 9) using the same pneumatic loading machine also observed 
t..'i-),at the applied :oe.d osc1lJ..a.ted. In Reference 8, the period of vibration of 
the applied load 00 re intorced concrete beams of normal proportions varied 
:from approx1::..ate<.! := to 5 ms. In Reference 9, the period of the load applied 
to reinfbrcing tars 10 ~nslle tests varied from about 5 to 8 milliseconds. In 
the load traces shovn herein, the period of vibration was generally about 5 
to 6 ms 'Which is the same order as the values in References 8 and 9. 
Defleotion-Time Curves. The curves of deflection vs time are shown 
on the same figures as the load-time curves, Figs. A.5 through A.15. 
Strain-Time Curves. Steel strains va time are presented in Figs. A.16 
through A.26. For the beams in which both large and small strains vere measured" 
the small strains ere plotted in the figures marked (8) and th$ large strains 
are :plotted in the figures marked (b). In general" these :figures show that 
the tension steel at midspan yielded a fev milliseconds before the steel near 
the supports J even though the strain at the support was approximately equal to 
the strain at midspan prior to yielding. Steel strains as large as 13 percent 
were observed at midspan. '!he maximum recorded strain at the support gage was 
approx:1matel.y 7 percent. 
Conorete strains at top midspan are plotted versus time in Figs.. A.27 
through A. 29. The curves shoy the maximum concrete stre.1nB measured and the 
time they occun-ed. The maximum measured strain al."tfq$ occurred before the 
time of failure. '!he time to m8:~cjmum strain varied from 7 to 19 ma. and the 
time to failure varied from 14 to 3000 ms. This means simply that strains at 
failure 'Were larger than those measured . as explained in Section 5. 7 • 
5.3 Cracking and Mode of hilure 
'Ihe process of fa.i1ure has been des eribed in Section 1+..2 for beams 
loaded statically. In this section, cracking and modes of failure in the 
dynamic tests are described and compared 'With those in the static tests. 
lliree modes of f&ilure were observed. in the ~c tests; flexure, 
flexure-shear, and shear. In Fig. A.l, the development of faUure is shown 
for a typical flexural failure. In the photograph marked (a) the beam is at 
the yield load.. No oracks visible to the naked frjt!J have occurred at midspan. 
However, there appear to be small cracks developing at the bottom of the beem 
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beneath the load points. In (b) there are three main cracks which appear to be 
fully developed. The load on the beam at this time vas about 81 percent of 
the peak yield load. Figure A.l(c) sho'Ws that the inclined cracks starting 
at the support have developed" and Cd) shows the beam at failure. 
Figure A.2 shovs the development of a. flexure-shear failure. In 
addi tion to failing in flexure, the beam also failed in shear adjacent to and 
outside of the loading block a few milliseconds after the flexural failure 
began. Photogra.ph (a) in this figure shows the beam at yield, (b) shows crush-
ing occurring vell before the final failure, (c) shows the beam at the time of 
flexure failure and also shows a shear crack developing betveen the reaction 
and load point at the left end of the beam, and (d) shows the shear failure 
occurring. It must be pointed out that in Fig. A.2(d) the left. loading block 
has tilted and thus produced very high vertical compressive stresses at the 
outer edge of the loading block where the shear failure took place. A 
flexure-sheer failure is also shown in the photographs of' Fig. A. 3. 
A shear failure. is shown in the photographs of Fig. A. 4. Photograph 
(a) shows visible cracks at midspan, (b) shows the development of the flexural 
cracks at the midspan region, (c) shows the shear crack at the left end of 
the beam at the time of failure, and (d) shows the fully developed shear 
i'a1.1ure. It can be seen in photograph (d) that the load. blocks were not tilted 
and thus bore evenly on the beam throughout the test. 
The modes of failure for all beams tested dynamically and for their 
static companion beam are shown in Table 5.1 Photographs of the beams after 
failure are shown in Fig. 5.1 These photographs were used together with the 
photographs in Figs. A. 1 through A.4 to determine the modes of failure. All 
be8I!lS sho-wn in Fig. 5.1 (a) failed in flexure. Beams F3D2 and F3D22 failed in 
flexure and F3D3 and F3D32 failed in flexure-shear as sho'WIl in Fig. 5 .1(b). 
Beams F2Dl, F2D12, and F2D22 faued in flexure" and F2D2 failed in shear. 
Beams F2D2 and F2D22 hsv-e the .ame pn!)perties and had the same dynamic load 
a.pplied to them. However, beam F2D22 vas additionally reinforced. in shear by 
clamp -on stirrups. 
No beams with 0.83 percent tension steel failed in shear. In fact, 
a.ll of these beams in both the static and dynamic tests f&iled by rupture of 
the tension steel. '!he single shear failure that occurred in the dynamic 
tests vas a beam having a span-depth ratio of two and reinforoed With 1.29 per-
cent tension steel. Flexure-shear fa:Uures occurred m the beams having a 
span-depth ratio of three and 1.67 perce-nt tension. 
The ductility as measured by the ratio of ~ud and 6yd vas greater 
than ten for all beams 'Which faUed in nexttre or flexure-shear. ibe ductility 
for beam F2D2 which falled in shear was 1&..2. The term ductil1 ty as used here 
is misleading in that an inareue in yield strength and deflection due to higher 
stra.in rate vill result in a reduced relative ductility even though the ultimate 
deflection is the same as for the static case. In the dynamic case" the failure 
is, for all practical purposes, just as ductile as before the yield deflection 
w.a increaaed e1'6!l. though the ductility ratio hs.s now decreased. 
In summary, the dynamic mode of faUure vas the same as the statio 
mode of' fa.ilure for aU. beams except F2D22. The static companion of F2D22 
vas F2S2 and this beam tailed ill shear as shown in Fig. 4.1(b), whereas 
Beam F2D22 failed in :f'lexure. It must be pointed out again, however, that 
F2D22 vas reinforced 'With clamp-on stirrups in addition to the web re1nf'orcement 
in the beam 'Whareas the static companion beam was not reinforced with clamp-on 
stirrups. 
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5.4 Resistance of Beams Under Dynamic Loading 
In the static tests of this investigation, the magnitude of the 
reactions must be equal to the magnitude of the applied load in order for the 
beam to be in equilibrium. The resistance of the beam is therefore equal to 
the applied load or to the reactions. In these tests, the reactions were not 
measured. In the dynamic tests, the inertia forces must be included in the 
equilibrium equation in addition to the applied load and reactions. These 
inertia f'orces are due to the acceleration of the beam and act in the 
opposite direction to the acceleration. For one half-cycle of the natural 
period of the beam, the inertia forces aet in the direction of 'the reactions. 
For the other half-cycle of the natural period, the inertia forces act in the 
direction of the applied load and cause add! tiona! stresses in the beam. If' 
the applied load pulse is of short duration relative to the natural period, 
the beam may be able to resist peak loads with magnitudes several times the 
yield load; the load in excess of the static resistance is held in equilibrium 
by the inertia forces which develop. If the loe.d is removed before the 
inertia forces are overcomeJ the beam will remain structurally sound. However, 
if the load remains on the beam, the inertia forces change direction during 
the last half' of the first cycle and are added to applied load; this will 
cause the beam to yield and fail ii' the ultimate strength is reached. In the 
above discussion, the increased strength due to strain rate has not been 
considered. 
In this section, it 'Will be shown that the inertia f'orces developed 
in the beams in the dynamic tests of this investigation were relatively small 
and can be neglected. 
The beam is assumed to deform 1.mder load as show in Fig. 5. 2 where 
the entire angle change is concentrated at the midspan. This would not be 
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the case a.t very low loads before cracking takes place. RoYever, at loads 
beyond craoking, the assumed deflected shape would have very 11 ttle error. 
In Fig. 5.2, a.11 forces including the inertia forces are show. acting on the 
beam. Thus, by summation of vertical forces the equation of motion becomes 
'Where m 
6 
c 
= mess per unit of length 
:: noond derivative of deflection at midspan with re8p~t 
to time 
Q = resistance of beam 
p(t) CI applied load to beam which varies with time 
The inertia forces acting on the beam are represented by the first term in the 
a.bove equation. If the inertia forces are known, the resistanoe of the beam 
can be computed by subtracting these forces from the applied load. '!bus, 
mL •• QaF(t) --A 2 a 
In Fig. 3.2, a. sketch of the test setup is shown. Two load cells 
Yere used to measure the load applied to the test specimen and one load. aell 
to measure the load a.pJ;>11ed to the distributing beam. It is not unreasonable 
to assume that the load cells and distributing beam are rigid compared to the 
stiffness of the test beams. '!he acceleration of the rigid loading beam and 
cells can be computed from the equation 
'Where c acceleration of Wl 
'W'l ;: weight of apparatus between load cells 
p(t) =: applied load measured at load cells between loading 
beam and teet specimen 
P 1 ( t) = applied load measured a.t load oell in loading shaft 
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If the acceleration of the load points at the bottom of the loading cells is 
assumed to be equal to the acceleration of the loading beam, which is the case 
in a rigid system, then the acceleration of the test specimen at the third-
points is known. Knoving or as suming the deflected shape of the test specimen, 
one can express the midspan acceleration in terms of the third -point 
acceleration. The resistance equation given above as -
Q = p(t) - mL A 2 c 
then becomes 
where W is equal to the weight of the teet specimen. This equation reduces to 
The resistance of the beams as a function of time was computed for 
all beams tested dynamically in this investiga.tion. A plot of the applied 
load versus deflection compared to the computed resistance versus deflection 
is shown in Fig. 5.3 for one of the beams. It vas f01.IDd that the magnitude of 
the inertia forces vas less than five percent of the applied load at the yield 
load and at all 10005 after yielding. In general, the inertia forces at loads 
below yield reached peak values of four to five kips. Even so, the resistance-
deflection curve follows the load-deflection curve very well at loads below 
yield. 
It has been mentioned previously that the inertia forces acting on 
a beam can be determined as the difference between the a.pplied loads and the 
reactions. In the tests of Reference 2, the reactions vere measured on beams 
of approximately the same size and stiffness as the beams of this investigation, 
and it was found that the reaction traces followed the applied load traces quite 
closely and therefore the inertia forces ~re small. 
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The above discussion simply points out that the magnitude of the 
inertia forces are sma.l1. and that no seriOUS error in the interpretation of 
the dynamic test results will occ~ if the inertia forces ere neglected. 
Another important faetor cOlleerning the strength or resistanee of 
the beam to dynamic loading is the time rate of strainj ng. At high strain 
rates, the strength of the steel and concrete increase, thus increasing the 
dynamic load carrying ca.pac1 ty of the beam. The effect of strain rate v1l1 be 
discussed later in this chapter. 
The beams tested in this tavest1gation were small models beoause of 
the limited capacity of the pneumatic loading ma.chine and the high strength Qf 
deep rei.ni'orced concrete beams. It is therefore neceasary to cons ider the 
effects of scaling. If a model of a full size beam is made with a scaling 
factor ~ and the applied un! t pressure kept the same, then the characteristics 
of the model in terms of the characteristics of the full size beam are shovn 
in Table 5.2. In the discussion of scal.1ng effect in Referenee 10, it vas 
pointed. out that if the strength of the materials are the same in the model and 
the prototype, then the fa.i1ure stresses and strains in the model are the same 
as in the prototype and, for the same time to failure, there must be the same 
ra.te of stra.1n. '!hUB, it is concluded that the effects of the rate of strain 
are independent of the scale factor. 
5.5 Applied Load V8 Denection 
In this sect ion, the load. -deflection curves for the beams tested 
dynamice.lly are compRred with. the load-deflection curves for the static com-
panion beams. In the previous section, it vas ehovn that the magn1 tude of the 
inertia. forces vas small and may be negleoted. Therefore, the load-defleot1oIl 
curves can be treated. approximately as res1stancte-defleotion curves and ~ be 
compared. to the static curves which are also reai8tanae-deneetion curves. 
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The load-deflection curves are sho'WIl in Figs. 5.4 through 5.9. The 
ratios of the dynamic to static loads, deflections and stiffnesses are given 
in Table 5.3. If stiffness is defined as the ratio of yield load to yield 
deflection at midspan, and the dynamic yield deflection is defined as the 
first peak of the load-deflection curve, then the dyngmic stiffness was approxi-
mately equal to the static stif'fness. Th.e ratio of the dynamic to static 
stiffness varied from 0.93 to 1.66 with an average vsl.ue of 1.11. If the two 
beams with the high ratios of 1.42 and 1.66 are discarded, then the average 
value of the ratios is 1.01. This means that the dynamic yield deflection 
'WOuld lie approximately on a line drawn from the origin of the curve and ex-
tended through the static yield point. However, the initial portion of the 
load-deflection curve is much steeper for the dynamically loaded beams than 
for the static companion beams. If the inertia forces were large, this fact 
'Would eA~lairl the steeper initial slope. However, since it was shown in 
Section 5.4 that the inertia forces were small, the large differences between 
the slopes can no-:, be attributed to inertia. forces. One explanation may be 
that cracking of the concrete occurs at a higher stress under dynamic loading 
than for static loadingj this would account for steeper curves initially. The 
effect of strain ra.te on the properties of concrete is discussed in Reference 11. 
It 'Was found. that the compressive strength, modulus of rupture and modulus of 
elasticity increased with the speed of testing. The increase in modulus of 
elasticity is attributed to that fact that at higher speeds of testing less 
creep takes place. Thus, it seems necesssry to attribute the increased slope 
of the initial portion of the load-deflection curve for the dynamic tests to 
the strain rate effect for concrete. 
The ratio of the ~amic to static yield load varied from 1.64 to 
2.61 (Table 5.3), and the ratiO of dynamic to static ultimate varied from 
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1.02 to 1. 48. It must be pointed out again that in theS& tests the load level 
for the "nat-top" portion of the load pulse was lOver than the initial peak 
load. Since the beams generally yielded at or near the first peak load, the 
1oad-defl.ection cu:rve oscillated with. the applied load a.bout a load level lover 
than the yield load. ~is lower load level is def1ned as the ultma.te dynamic 
load in this investigation. Because the dyIuunie ult1mate load. 18 less than the 
dynamic yieJ.d load and the static ult.1ma.te load is eonsiderab~ greater than 
the static yield load, the ratios of the dynamic to static loads for ultimate 
are much less than for yield. 
The load.-def'leetion curves ahoy also that the dynamic ultimate 
deflection was approximately equal to the static ultimate defle<:tion. For the 
beams failing in flexure or flexure-sheer, the ratio of dynamic to static 
ultimate deflection varied from 0.90 to 1.28 (see Table 5.:;). :Beam J'2D22 yt.S 
not included in the above ratios because the web reinforcement v. not the seme 
as for the static test; this beam had clamJ?-on stirrups 1n addition to the 
internal s tixrups • 
5.6 Applied Load VB Steel Strains 
Curves of load vs steel stra.1n are show in F1g$. 5.10 through 
5.20. For some of the beams, the strains in the 'WOrk-hardening range were 
measured and these are plotted in part (b) of the figure. For example J the 
load-strain curves for beam F4Dl and its static companiOn beam ere plotted in 
Figs. 5.l0a end 5. lOb. In Fig. 5. lOa, the stra.1n$ are plotted to only slightly 
beyond yield, ana. in Fig. 5.1Ob the strains are plotted up to 10 percent. 
The shape of the load-strain curves for the beams tested dynamically 
is similar to the shape for the static companion beam. The first portion is 
steel' and represents the UIlcraeked stage of loading. In the second stage 1 
cracking takes place and the load-strain curve is less steep. This can be 
seen clearly 10 all of the load-strain curves which are plotted to only 
slightly beyond yield. In general, the slope of the curves for the second 
stage of loading is approximately the same as for the second stage of the 
static companion beam. llie third stage of the load-strain curve is yielding. 
The chief difference between the dynamic and static curves in the yield region 
is that in the dynamic tests yielding generally occurred after the peak load 
vas reached and at a load lower than the peak yield load. Figures 5.10a, 5.12, 
and 5.15 show this very well. The steel near the supports stopped straining, 
or at least strained very little, for a short time during the test. Since 
the load vas still oscilla.ting, the resul t is that the load-strain curve 
"bounces arOund" prior to yielding. Figures 5 .12, 5.13a} 5.16 and 5.17a, 
among others, show this behavior. In general, the steel near the supports 
for most of the beams exhibited this delay time in straining.. For some of the 
beams, the strain rate in the tension steel near the support after the delS¥ 
time was several times the strain ra.te prior to yiel.ding. The steel at midspan 
aJ.so exhibited a slight del~ timE'. ':'he strain-time curves labelled €2 in 
Figs. A.16a, A.18, A.19a, A.20a and A.21 show this short delay time. The strain 
increases a small amount during this time before yielding takes place. The 
load corresponding to the time of' yielding is less than the peak yield load 
from the load deflections curves. From the' load-strain curve for the steel 
for beam FjD3, Fig. A.21, it can be seen that there is a delay t:1me for E:2 of 
approxi:J.ately 2 milliseconds. mis occurs in the strain-time plot at a time 
of 7 to 9 ms. L'rl the load -time curve, Fig. A.IO, a load of approximately 
63 kips is acting at a time of 7 ms. and at 9 me. a load of 55 kips is acting. 
The load-strain curve in Fig. 5.15 shows that yielding of the steel at midspan 
occurred for €2 at a load of about 55 kips. llie behavior discussed above is 
typical of that of the beams tested dynamically. At yield the beams under 
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dynamic load behaved as tied arches as vas the ease for the static companion 
beams. 
The final stage of loading is from yield to failure. The steel 
strains become very large and, even though they ere in the york-hardening 
region, no increase of strength such. as that obtained in the static tests 
vas observed. If the ap:pl1ed loa.d remains reasonably constant in this region, 
the load-strain curve will be a.pproximately horizontal. If the load decreases, 
the curve slo:pes dovnward. If the load oscillates considerably, the loed-
strain curve also oscillates. Figures 5.10b, 5.13b, 5.l4b and 5.1Tb shoW' 
typical curves exhibiting this behavior. 
5. 7 Applied wad VB Concrete Strain 
Curves of loed va concrete strain at top midspan of the beam are 
shown in Figs. 5. 21 through 5. 26. The· strain readings are reliable only up 
to first crushing, ~1ch is usually not fe.1J.ure of the beam. First crushing 
is indicated by the load-strain curves as the strain at the 'POint where the 
strain begins to decrease. Therefore, the maximum strains plotted are actually 
less than the final strains in the concrete at failure. The load-strain 
curves for the concrete shoy that first erushing takes plaoe in the beams 
tested. dynamica.1ly a.t a strain 'Which is of the same order of magn1 tude as that 
for the static companion beam. Apparently, the rate of straining has little 
effect on the crushing strain. This is also verified by the loaci-defleet1on 
curves in tha.t the dynamic ultimate deflection at failure 'Was approximately 
the same as the static ultimate deflection .. 
5.8 Dynamic loed Ca.paa i ty 
It has been show in Che;pter 4 that the static strength of deep 
reinforced concrete beams can be predicted. Two factors in addition to those 
required to estimate the static strength must be considered in the analysis of 
dynamic strength; inertia forces and effect of time rate of straining. The 
inertia forces may reduce the load carrying capacity of the beam for load 
pulses with certain rise times and durations. Hovever, these forces are small 
and have been neglected here. The high rate of straining during a dynamic test 
increases the strength of the steel and concrete and thus increases the dynamic 
load capacity. 
It was :pointed out in Section 5.5 tha.t the strain rate is independent 
of the scaling factor (Reference 10). 'lliis means that if the strain rate to 
failure is the same for the model and for the prototype the time to failure will 
be the same. In Reference lO,a procedure utilizing this prine iple was used 
to determine an empirical expression for the ultimate strength capacity of 
shear wa.lls. !he same procedure is used in this section. 
In Fig. 5.27, the ratio of the dynamic u1 timate load to computed 
static ult1:..ate load is plotted as a function of time to failure. Fitting a 
curve through the plotted points resulted in an expression for the dynamic 
were P' ~. 
4 Pud ::: p~ (1 + t f
) 
eo::puted dynamic ul. timate load 
p ~ • eo::puted static ultimate load 
t~ • t!me to failure in milliseconds 
. 
The abaTe eQuation ahould not be used for t f < 8 milliseconds in order to stay 
within the lW t8 ot the data used in obtaining the equation. 
5.9 Design Procedure 
In Chapter 4, it ~ shown that the moments and deflections at yield 
end at ultimate can be predicted for beams under static loading. From these 
46 
data, the y1.eld and ultimate loads can be cel.culated and en idealized 
resistance-deflection C!~ such as shown in Fig. 5.28 can be dra1m. An 
expression for the yield moment is given in Section 4.6 and one for the ulti-
mate moment in Seet10n 4.7. Equations for yield and ultimate deflection are 
given in Section 4.8 and 4.9. The idealized static res1stsnce-deflect1on 
curve consists of two straight lines connecting the computed points, as show 
in Fig. 5.28. 
In Section 5.5, it was shown that the dynem1e stUfness defined as 
the ratio of the dynamic yield load to the dynamic yield deflection wea approxi-
mately equal to the static stiffness. It vas also sho'WIl that the dynamic 
ultimate deflection vas approximately equal to the static ult~te defleot1on. 
Therefore, if the magnitude of the dynamic ult:i.mate resistance is know, the 
resistance -deflection curve can be drawn, assuming a flat yield region to 
failure, as show in Fig. 5.28 j the overshoot of the dynamio yield load a.bove 
the dynamic ultimate load is ignored. In Section 5.8, an equation giving the 
dynamiC! u1 timate ca.paci ty Ya.S presented, as folloW'S: 
P' = P' [1 + .!..J ud u t f 
This equation gives the predicted ultimate capacity in terms of the computed 
static ultimate load and time to failure of the beam for dynamic loading. 
This means that if' the time to reach nwc1mum deflection (failure deflection) 
is kn.oYn, the dynamic resistance-defleet1on curve can be drawn. 
The application of the above formula to des ign is as follows: It is 
desired to obtain the size of e. beam necessary to withstand a load pluse that 
has a specified rise time to maximum load, a specified time of duration of 
the maximum load, and a specified decB\Y time of the maximum load to zero. 
Assume a size of beam and oalculate the static resistance-deflection curve. 
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Assume a. value of dynamic resistance, P ~d" 'Which is greater than the static 
resistance. From the above expression ~hich was developed in Section 5.8, 
calculate the time to failure corresponding to the assume P ~d • The dynamic 
res1stence-deflection curve for a specified time to failure 1s nov knovn 
end the dynamic response of the beam to the force pulse can be obtained. If 
the time to maximum deflection of the computed response is less tha.n the time 
to failure J and the maximum deflection is less or equal to the limiting 
failure deflection, b.fJ then the beam can withstand the applied load pulse. 
Hovever, the beam size can be reduced so that the time to maximum deflection 
is equal to the time of failure and the ma.x:iJnum deflection of the computed 
response is equal to the limiting failure deflection. When these conditions 
are satisf'ied, the beam is on the verge of failure. These conditions can be 
formulated as follows: 
vhere 
bot = l).md 
t = t f m 
cnmputed limiting failure deflection wtich is equal 
to ~t = a cP L2 
u y 
maximum computed deflection of beam subjected to 
given force pulse 
t:ime of failure computed from formula of Section 5.8 
t = time to reach maximum deflection in beam subjected 
m to given force pulse 
Charts or a. computer can be used to simplify the calculations for the dynamic 
response. It must be pointed out, however, that this procedure is valid only 
for the limits of the parameters and pulse shape used in this investigation. 
A slightly different approach to this problem of design is presented 
in Reference 10, as follows: For a given beam, the ultimate dynamic capacity 
of a deep beam failing in flexure can be plotted as a function of time to 
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failure using the expression developed in Section 5. 8. ~e "effective load." 
versus time is drawn on the above graph e..nd, if these two curves intersect, 
then the first point of intersection is the point of faUure. "Effective 
load" is defined. as the sum of the applied load plus the inertia. forces and 
can be determined using a computer or cherts. If the curves do- not intersect, 
the beam does not fall. 
6. SUMMARY 
The object of this investigation was to determine the strength 
and behavior in flexure of reinforced concrete deep beams under slowly and 
rapidly applied loading) as a basis for the development of a rational end 
efficient design procedure. The objectives were accomplished by analyzing 
the results of static and dynamic tests. 
Seventeen beams were tested. Six were tested statically and served 
as controls for the beams tested d.ynamically. Eleven 'Were sub jected to rapidly 
applied load which consisted of a tJflat-top" pulse of tlin.finite duration" 
awlied by a pneumatic loading machine. The rise time of the pulses was 
approx:1mately 0.8 to 1.7 times the computed natural period of the beams. '!he 
load consisted of two concentrated loads applied at the one-third points of' 
the span. Span-depth ratios of 2, :3 and 4. were used. The beams were reinforced 
with either 0.83 or 1.67 percent tension steel, compression steel equal to half 
the tension steel, and with 0.70 to 1.42 percent web reinforcement. 
There vere three main types of failures observed in both the static 
and dynamic tests: flexure, flexure-shear" and shear. The cracking patterns 
and modes of failure were the same for the dynamic and static companion tests. 
In fact, it was impossible by observation of the failed beams to distinguish 
the beam tested dynamically from the beam tested statically without referring 
to the mark number on the beam. 
Two main types of' cracks developedJ vertical and inclined. The 
vertical cracks formed in the maximum moment region and the . inclined cracks 
formed first at the bottom of' the beam near the supports and propagated toward 
the top near midspan. At yield" the cracks were fully developed and the strains 
in the tens ion steel became nearly unif'orm along the entire span. Th.e beams 
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thus behaved as tied arehes in which the tension steel e.eted as the tie and 
the concrete above and outside of the inclined craclt served as the arah rib. 
The beama tested etatically and dynamically both exh1bi ted the above behavior. 
2le behavior of dee}) reinforced concrete beams under static load 
can be predicted reasonably well. The well-know straight line formulas 
can be used to predict the yield load ca.pacity. 'nle ultimate capacity can 
be predicted us ins existing ul t1mate strength concepts bl.lt with 8. crushing 
strain equa1 to 0.008 instead of 0.003 to 0.004 as usually assumed for beams 
of conventional span-deptb ratios. Expressions for the yield and ultimate 
deflections were developed and are presented in SectiOns 4.8 and 4.9. 
In Chapter 5, the dynamic behavior is compared to the static behavior. 
It has been shovn that the inertia forees in these tests were small and can be 
neglected; therefore the applied load-de:nect1on curv-es could be considered as 
approximate resistanee-defleation curves. It vas found that the dynamic stiff-
ness and the dynamic ultimate deflection vere approximately equal to their 
static values. This meant that if' the dynamic ultimate capacity can be de-
termined, the dynamic resistance-defleotion curve can be dravn. An expression 
is given for the dynamic ultimate capacity in terms of the computed sutic 
ultimate and the time to ultimate deflection for the dynamically loaded beams. 
The app1ication to design of the dynamic resistance determined by the expression 
mentioned above is discussed. 
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TABLE 2.1 PROPERTIES OF BEAMS 
'\.Jl 
ro 
Span = 28 in. c. to c. supports 
Beam Type of d b L/d f' Tension Reinforcement Co~resBion Reinforcement Percent 
Mark Test c No.& f No.& pi fl web P 4-
in. In. psi Size ~ kll Size % kl1 Reinf'. 
F4s1 statio 6 ~ 4 4970 1-#4 0.83 46.1 1-#3 0.46 49.4 0.70 
F4Dl dynamic 
F4D12 dynamic 
F4S22 static 6 4 4 5030 2-114 1.67 48.6 2-#3 0.92 48.6 0.98 
F4D2 dynamic 
~S2 static 8 3 3 3530 1-14 0.83 47.4 1-#3 0.46 49.0 0.94 
F3D2 dynamic 
F3D22 dynamic 
F}S3 static 8 3 3 4980 2-1/4 1.67 '47.4 2-113 0.92 50.8 1.31 
F3D3 ~.c 
F3D32 dyD.ami.c 
F2S1 static 12 2 2 4920 1-#4 0.83 ~.o l-il3 o.~ 49.6 1.42 
F2Dl dynemi.c 
F2D12 dynami.c 
F'282 static: 12 2 2 lJ600 1-115 1.29 44.8 1-#3 0.46 49.6 1.42 
F2D2 dynamlc 
F2D22 dynamlc 
* Web reinforc.ement consists of No.7 saw black annealed. wire with y1.eld point = 32 kai. 
Beam 
Mark 
F4s1 
F4D1 
F4D12 
F4s22 
F4D2 
F3S2 
F3D2 
F3D22 
F3S3 
F3D3 
F3D32 
F2S1 
F2D1 
F2D12 
F2S2 
F2D2 
F2D22 
TABLE 2.2 PROPERTIES OF REINFORCING STEEL 
Tension Reinforcement Co~ress1on Reinforcement 
f € € f f' €' €' :r' y y 0 u y y 0 u 
ksi % % ksi ka! % % ksi 
46.7 0.173 1.51 78.3 49.4 0.165 1.88 75.8 
48.6 0.158 1.45 18.9 48.6 0.160 1.82 75.4 
47.4 0.158 1.60 76.3 49.0 0.164 2.14 76.0 
47.4 0.158 1.51 77·1 50.8 0.192 1.58 81.1 
46.0 0.158 1·53 76.2 49.6 0.170 1.91 76.6 
44.8 0.165 1.43 73.2 49.6 0.170 1.91 76.6 
,--
Vl 
'vi 
TADLE 2.3 PROPERTIES OF CONCRETE MIXES 
\J1 
+ 
Beam Cement:Sand:Gravel Water/Cement Slump Average Average Age of 
Mark by Weight by Weight Compressive M::>dulus of Test 
Strength, f1 Rupture 
in. fBi c psi days (1) (2) (3 ) (4) 5) (6) (7) 
F4s1 1.00:4.00:3.81 0.87 4 4970 567 35 
F4Dl 
F4D12 
F4s22 1.00:3.89:3.79 0.84 1 1/2 5030 744 66 
F4D2 
YjS2 1.00:3.84:3.81 0.92 7 1/2 3530 528 13 
F3D2 
F3D22 
F3S3 1.00:3.90:3.81 0.84 1 1/2 4980 750 50 
F3D3 
F3D32 
F2S1 1.00:;.91:3.81 0.84 2 1/2 4920 553 15 
F2Dl 
F2D12 
F2S2 1.00:3.89:3.81 0.89 6 1/2 4600 690 21 
F2D2 
F2D22 
TABLE 4.1 RESl.ll..TS OF STATIC TESTS 
Beam Dura.tion :f' p :f pi f' Yield Ultimate Yield 
Mark of c y y- wad Wad Deflection 
Test P P /j. 
Minutes y u y psi % ksi % ka! kips kips in. 
F4s1 3.2 4970 0.83 46.1 0.46 49.4 14.7 21.2 0.043 
F4s22 6.1 5030 1.61 48.6 0.92 Q8.6 29.5 41.0 0.059 
F3S2 3.5 3530 0.83 41.4 0.46 49.0 20.5 27.6 0.061 
F3S3 3.9 4980 1.67 47.4 0.92 50.8 40.6 54.6 0.058 
F2S1 3·7 4920 0.83 46.0 0.46 49.6 29·3 43.3 0.036 
F2S2 3.3 4600 1.29 44.8 0.46 49,.6 42.5 55.1 0.048 
* Final failure by fracture of the tension steel. 
Ultimate 
Deflection 
6 
u 
in. 
1.61 
1·53 
1.58 
1.38 
0.95 
0.52 
Ductility 
6 
u 
~ y 
38.9 
31.8 
25·9 
23.8 
26.4 
10.8 
I-bde 
of 
Failure 
F1exure* 
Flexure* 
Flexure* 
Flexu.re-
Shear 
Flexure* 
Shear 
\J1 
\J1 
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TABLE 4. 2 MEASURED AND COMPUTED YIELD toAD 
Measured Computed 
Beam L f' P f pt ff r Yield Yield P 
Mark d c y y load Load J.. p. 
p p' y y y 
psi ks1 10 ks1 % kips kips 
SERIES J!' 
F451 4 4970 0.83 46.7 0.46 49.4 0.10 1~.1 12.6 1.16 
F4822 4 5030 1.67 48.6 0.92 48.6 0.98 29·5 25.6 1.15 
F3S2 3 3530 0.83 47.4 0.46 49.0 0.94 20.5 17.2 1.19 
F3S3 3 4980 1.67 47.4 0.92 50.8 1·31 40.6 33.6 1.21 
F2S~ 2 4920 0.83 46.0 0.46 49.6 1.42 29.3 75.0 1.17 
F2S2 2 4600 1.29 44.8 0.46 49.6 1.42 42.5 '7.2 1.14 
ATg •• r:rr 
SERIES E 
13315 3.33 4700 1.48 47.1 35·2 29.9 1.18 
E331S1 3.33 4100 1.48 47.7 
--* 34.5 29.9 1.15 
E332S 3.33 4430 0.81 52.0 
--* 20·5 18.5 1.11 
E333S 3·33 4320 1.48 51.2 0.81 52·7 --* 36.4 32·5 l.12 
E333VS 3.33 4470 1.48 51.7 39.7 - 32.4 1.12 
Avg. = 1.14 
SERIES G 
G23S-11 2 ;560 0.83 45.7 0.46 48.9 27·7 2-..8 1.12 
G23S-21 2 3420 0.46 51.4 0.21 44.2 16.9 1,.7 1.08 
G24s-11 2 5600 0.83 45.7 0.46 48.9 27.8 2 .9 1.12 
G2!ts-21 2 5240 0.46 51.4 0.2J. 44.2 16.8 15.8 1.06 
G33S-11 .3 3380 1.67 47.3 0.92 51.5 36.0 ".4 1.08 
G33S-21 3 3050 0.83 45.2 0.46 50.5 17.5 16.2 1.08 
G33S-31 3 2890 2.58 45.2 0.92 50.3 46.5 ~.2 0.96 
G;4s-11 3 5100 1.61 47.2 0.92 51.2 31.5 ".4 1.12 
G34s-21 3 4960 0.8; 47.0 0.46 49.4 19.4 l6.9 l.15 
0438·11 4 3510 1.67 44.1 0.92 50.8 26.6 23.2 1.15 
G44s-11 4 5360 1.56 4.7.9 0.92 48.1 29.7 25.7 1.16 
G3:;S-12 :; 2890 1.67 47.3 0.92 51.5 1.09 36.0 }3.~ 1.08 
G33S-32 3 2910 2.58 44.2 0.92 50.3 1.09 43.8 47.1 t:i Avg •• 
·09 
*' Reinforced with Clamp-on stirrups. 
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TABLE 4.3 MEASURED AND COMPurED STATIC ULTIMATE LOADS 
Measured Computed 
Beam L f' P f f pI r Ultima.te Ultimate P 
Mark d c y u load Load u F p p' u 
u u 
psi % ksi ksi % kips kips 
SERIES F 
F4s1 4 4970 0.83 46.7 78.; 0.46 0.70 21.2 19.6 1.08 
F4s22 4 5030 1.67 48.6 78.9 0.92 0.98 41.0 36.4 1.13 
F3S2 3 3530 0.83 47.4 76.3 0.46 0.94 27.6 26.2 1.05 
F3S3 3 4980 1.67 47.4 77.1 0.92 1.31 54.6 48.8 1.12 
F2S1 2 4920 0.83 46.0 76.2 0.46 1.42 43.3 41.5 1.04 
F2S2 2 4600 1.29 44.8 73.2 0.46 1.42 55.1 55·0 1.00 
Avg. = 1.08 
SERIES E 
E331S 3.33 4700 1.48 47.7 73.7 36.0 36.3 0.99 
E331S1 3.3~ 4700 1.48 47.7 73.7 
--* 36.5 36.3 1.01 
E332B 3·33 4430 0.81 52.0 79.4 --* 23.6 25·5 0.96 
E333S 3.33 4320 1.48 51.2 84.0 0.81 
--* 46.2 46.7 0.99 
E333VS 3.33 4470 1.48 51.7 86.3 42.4 40.6 1.04 
Avg. = 1.00 
SERIES G 
G23S-11 2 3>60 0.83 45.7 77.0 0.46 40.4 40.7 0.99 
G23S-21 '"" 34?J 0.46 51.4 80.0 0.21 24.0 24.7 0.97 c 
G248-ll r- )600 0.83 45.7 77.0 0.46 40.8 42.1 0.97 c 
G24s-21 2 )~ . ..o 0.46 51.4 80.0 0.21 22.6 24.9 0.91 
G33S-11 3 ~ )::0 1.67 47.3 78.5 0.92 38.4 46.6 0.82 
G33S-21 3 ~o~:>o 0.83 45.2 73·0 0.46 24.5 25·2 0.97 
G33S-31 3 22FJ ,.58 45.2 72.8 0.92 48.1 59.9 0.83 
G34s-11 3 5:X 1.67 47.2 76.7 0.92 49.4 48.7 1.01 
G34s-21 3 4~ 0.83 47.0 76.8 0.46 25.2 26.8 0.94 
G43S-11 4 ~~1:J 1.67 44.1 78.8 0.92 34.6 33.3 1.04 
0448-11 4 55w 1.67 47.9 74.6 0.92 37.6 36.0 1.04 
G33S-12 :; =t~ 1.67 47.3 78.5 0.92 1.09 38.0 45.8 0.83 
G33S-32 :; ?9"~ 4 ."" 2.58 44.2 70.0 0.92 1.09 45.6 55.6 0.82 
Avg. = 0.93 
* Rein.:forced vit.h claI:Ip-on stirrups. 
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TABLE 4. 4 MEABtmED AND COMPUTED YIELD DEFLECTIONS 
Measured Computed 
Beam L f' P f p' fl r Yield Yield 6 
Mark d c y y Deflection Deflection .z 
.6' h. ~, Y Y Y 
psi ks1 % ks1 % inches inches 
SERIES F 
F4sl 1+ 4970 0.83 46.7 0.1;6 49.4- 0.70 0.043 0.046 0.94 
r4522 4 50;0 1.67 48.6 0.92 48.6 0.98 0.059 0,,059 1.00 
1382 3 3530 0.83 47.4 0.46 49.0 0.911- 0.061 O.O~ 1.34-
F)S3 3 4980 1.67 47.4 0.92 50.8 1.31 0.058 0.056 1.04 
F2S1 2 4920 0.83 46.0 0.46 49.6 1.42 0.036 0.038 0.96 
F2S2 2 4600 1.29 "-.8 0.46 49.6 1.42 0.048 0.046 1.02 
Avg. == 1.00 
SERIES E 
E33lS 3.33 4700 1.48 47.7 0.015 0·072 1.05 
E331S1 3.33 4700 1.48 47.7 --* 0.067 0.072 0.94 
E332S 3.33 4430 0.81 52.0 --* 0.04,; 0.063 0.68 
E3338 3.33 4320 1.48 51.2 0.81 52.7 
--* 0.065 0.075 0.86 
E333VS 3·33 4470 1.48 51.7 0.082 0.078 1.02 
Avg. == 0.92 
SERIES G 
G23S-11 2 5560 0.8; 45.7 o.~ 48.9 0.035 0.040 0.89 
G23S-21 2 3420 0.46 51.4 0.21 44.2 0.028 0.035 0.79 
G24s-11 2 5600 0.83 45.7 0.46 48.9 0.042 0.036 1.16 
G24s-21 2 5240 0.46 51.4 0.21 44.2 0.0.35 0.034 1.04 
G33S-11 3 3380 1.67 47.3 0.92 51.5 0.070 0.058 1.21 
G33S-21 3 3050 0.83 45.2 O.1t6 50·5 0.045 0.044- 1.01 
G33S-31 3 2890 2.58 45.2 0.92 50.3 0.068 0.074 0.92 
G34s-ll 3 5100 1.67 47.2 0.92 51.2 0.056 0.055 1.02 
G34s-21 3 4960 0.83 41.0 0.46 49.4 0.044 0.043 1.02 
. 0438-11 4 3510 1.67 44.1 0.92 50.8 0.062 0.063 0.99 
G4lf.s-ll 4 5360 1.67 47.9 0.92 lta.1 0.068 0.066 1..03 
G338-12 3 2890 1.67 47.3 0.92 51.5 1.09 0.068 0.062 1.10 
G33S-32 3 2910 2.58 44.2 0·92 50.3 1.09 0.064 0.072 0.82 
Mg. = 1.00 
* Reinforced with clamp-on stirrups. 
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TAE.LE 4.5 ULTIMATE DEFLECTIONS FOR STATIC LOADS 
Computed Measured 
Beam L f' P pi r Computed Ultimate Ultimate ~ 
1f.a:rk d c k Deflection Deflection u 
u AU zr A u 
a = 0.28 u 
psi % I % % inches inches 
SERIES F 
F4S1 4 4970 0.B3 0.46 0.70 0.130 1.65 1.67 1.01 
F4S22 4 5050 1.67 0.92 0.98 0.160 1.34 1.88 1.41 
F)S2 3 55jO 0.83 0.46 0.94 0.113 1.43 1.58 1.10 
FjS3 3 4980 1.67 0.92 1.31 0.153 1.05 1.38 1.31 
F2S1 2 4920 0.83 0.46 1.42 0.092 1.18 0.95 0.81 
SERIES E 
E3~ilS1 3.33 4700 1.48 
--* 0.203 1.10 1.00 0.9:1 
E332S 3.)3 4430 0.81 
--* 0.140 1.60 1.20 0.75 
E553S 3.33 4570 1.48 0.81 
--* 0.162 1.38 1.62 1.17 
SERIES G 
G23S-21 2 3420 0.46 0.21 0.079 1.36 0.97 0.71 
G24s-11 2 5600 0.83 0.46 0.092 1.17 1.37 1.17 
G24s-21 2 5240 0.46 0.21 0.071 1·52 1.21 0.80 
G33S-21 3 3050 0.83 0.46 0.114 1.42 1·92 1·35 
G34s-21 3 4960 0.83 0.46 0.107 1·50 1.21 0.81 
c43S-11 4 3510 1.67 0.92 0.155 1.39 0.91 0.66 
G44s-11 4 5360 1.67 0.92 0.167 1.29 1.47 1.14 
Avg. = 1.00 
* Reinforced 'With clamp-on stirrups. 
TABIJ5 5.1 StHtARI OF DYN.AMIC TEST RESULTS 0'\ 0 
Beam L P P' r f' Pyd Pud ~d ~ud )bde M:xle of Aud Mark D c of Failure of 
Failure Statie Ayd 
cf; ~ ~ pat kiP8 kips in. in. Companion 
F4Dl 4 o.a} O.lt6 0.10 "'970 ,6.~ 26.0 0.100 1·95 Fl..exure* Flexure* 19.5 
F4D12 4 0.8, o. ft6 0.10 ~970 '9.2 ,1.5 0.097 2.05 Flexure* 21.1 
F4D2 4 1.61 0.92 0.96 50,0 ~.6 ~3.5 o.1l4 1.88 Flexure* Plexure* 16.5 
F3D2 3 0.83 0.46 0.94 3530 46.0 35.0 0.082 Flext.ll"e* Flexure* 
F3D22 3 0.83 o.~ 0.94 3530 45.0 35.0 0.094 1.44 F1exure* 15·' 
F3D' :5 1.61 0.92 1.,1 4980 66.8 57.0 o.~ l·TI Flexure-Shear F~exure-8hear 19.7 
F3D32 , 1.61 0.92 1.31 4980 68.6 58.0 0.101 1.24 Flexure-Shear 12·3 
F2Dl 2 0.83 0.46 1.42 4920 69.2 45.5 0.085 0.95 Flexure* Flexure* 1l.2 
F2D12 2 0.83 0.46 1.1i.2 4970 68.5 52·5 0.082 0.85 FleJt\Xre* 10., 
F2D2 2 1.29 0.1&6 1.42 4600 18.0 56.0 0.09'" o.qo Shear Shear 4.2 
F2D22 -2 1.29 0.46 1.42 4600 78.1 56.0 0.088 2.00 Flexure** 22·7 
* ~ of tension steel. 
**' Deflection at start of failure = 0.57", 81SQ this beam. had additional web re1nforeement consisting of 
elamp-on stirrtq>s. 
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TABLE 5.2 EFFECT OF SCALTI~G 
Property Value of' Value of Scaling 
Full Size Beam Model Factor 
Linear Dimension L sL s 
Area L2 s~~ 2 s 
Volume L3 s3r) 53 
iYfASS m 8 3m 63 
Percentage steel p p 1 
Applied Unit Pressure 
to beam 'W w 1 
Al'plied Moment M s3M 6 3 
Stress in materials f f 1 
Flexural Strength M 8 3M 63 
of cross section u u 
Deflection 6 ~ s 
Stiffness (p /6 ) K sK 8 y Y 
Natural Period 
of Vibration T aT s 
Beam L 
Mark d P 
~ 
F4Dl 4 0.83 
F4D12 4 0.83 
F4D2 4 1.61 
F;D2 3 0.83 
F3D22 3 0.83 
F3D3 :5 1.61 
FjD32 ; 1.67 
F2Dl 2 0.83 
F2D12 2 0.83 
F2D2 2 1.29 
F2D22 2 1.29 
TABLE 5.3 COMPARISON OF DYNAMIC LOAOO I DEFLECTIONS, AND 
STIFFNESSES WITH STATIC COMPANION BEJ\ltf3 
~ Pud ~ 6.ud D,ynamie Stiffness* P P P A r;- Static Stiffness 
~ y u y u 
0.46 2.48 1.22 2·32 1.17 1.07 
0.46 2.61 1.48 2.26 1.09 1.18 
0.92 1.69 1.06 1.93 1.23 0.88 
O .. ~ 2.24- 1.27 1.35 1.66 
0.46 2.19 1·27 1.54 0.91 1.42 
0.92 1.64 1.04 1.55 1.28 1.06 
0.92 1.69 1.06 1.74 0.90 0.97 
o.~ 2.36 1.05 2.36 l.~ 1.00 
0.46 2.34 1.21 2.28 0.90 1.03 
0.46 1.8, 1.02 1.96 0.42 O.9} 
O.lt6 1.84 1.02 1.83 ,.85 1.01 
* Dynamic stiffness defined as pYd/~d and statie stiffness 88 p/6.y • 
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(8.) 
At yield 
t, = 4.6 ms 
p = 45.0 kips 
6 = 0.094 in. 
(b) 
t = 10.·J ms 
p = 36.5 kips 
D. = 0.55 in. 
( c) 
t - 14 InS 
P 54.5 kips 
6 = 1.10 in. 
( d) 
At failure 
t = 16 ms 
p = 36.2 kip;) 
lJ. = 1.44 in. 
FIG. A.l . PHOTOGRAPHS OF BEAM F3D22 TAKEN DUH.ING TEST 
WITH HIGH SPEED CAMERA 
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(a) 
At yield 
t = 6.4 IDS 
p z:l 66.8 kips 
6 • 0.090 in. 
(b) 
t ::: 2l ms 
p = 58.2 kips 
f:J. = 1.23 in. 
( c:) 
At failure 
t = 32 InS 
P = 55.2 kips 
6 = 1.77 in. 
( d) 
t c 37 InS 
F = 33.6 kips 
6 > 2.0 in. 
FIG. A.2 PHOTOGRAPHS OF BEAM F3D3 TAKEN DURING TEST 
WITH HIGH SPEED CAMERA 
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(a) 
At yield 
t = 5.7 ms 
p = 68.6 kips 
b. = 0.101 in. 
(b) 
At failure 
t = 22 ms 
p ::; 57. 5 kips 
b. = 1.24 in. 
(c) 
t = 24 ms 
p = 44.5 kips 
b = 1.35 in. 
( d) 
t = 26.5 ms 
p = 42.6 kips 
~ = 1.49 in. 
FIG. A. 3 PHOTOGRAPEB OF· BEAM F3D32 TAKEN DURING TEST 
WITH HIGH SPEED CAMERA 
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( a) 
At yield 
t = 54 laS 
p = 78.0 kips 
~ = 0.094 in. 
(b) 
t = 20 ms 
p = 57.2 kips 
~ = 0.310 in. 
(c) 
At failure 
t = 62 ms 
p = 55.0 kips 
1\ = 0.400 in. 
( d) 
t = 10 IllS 
P = 26.0 kips 
6. = 0.82 in. 
FIG. A.4 PHO'IDGRAPHS OF BEAM F2D2 TAKEN DURING TEST 
WITH HIGH SPEED CAMERA 
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FIG. A.I0 LOAD VS TIME AND DEFLEI!TION VS TIME FOR BEAM F3D3 
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FIG. A.13 LOAD VS TIME AND D~TION VS TIME FOR BEAM F2D12 
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FIG. A.14 LOAD VS TIME AND IDP MIDSPAN D~TION VS TIME FOR BEAM F2D2 
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FIG. A.15 LOAD VS TIME AND DEFLEX:!TION VS TIME FOR BEAM F2D22 
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FIG. A.16a STEEL STRAINS VS TIME FOR BEAM F4Dl 
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FIG. A.l6b STEEL STRAINS VS TIME FOR BEAM F4Dl 
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FIG. A.17 STEEL STRAIN VB TIME FOR BEAM F4D12 
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FIG. A.18 STEEL SmAINS VS TIME FOR B.W! F4D2 
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FIG. A. 20a STEEL STRAINS VS TIME FOR BEAM F31>22 
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FIG. A.21 STEEL STRAINS VS TIME FUR BEAM F3D3 
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FIG. A.22 STEEL STRAlN VS TIME FOR BEAM F3D32 
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FIG. A.23a STEEL STRAINS VS TIME FOR BEAM·F2D1 
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FIG. A. 23b STEEL STRAINS VS TIME ·FOR BEAM F2Dl 
~ 
Vl 
O"J 
e,:"IT'kH"$ ...- .- 0= ... ~~~u·"""", ~ ""t7"'MX7r~ • 
0.28 
0.24 
0.20 
~ 
u 
k 0.16 
~ 
"r"f 
as 
Jj 
at 0.12 
..., 
B 
0.08 
0.04 
o 
o 2 4 6 8 10 12 14 
Time, milliseconds 
FIG. A.24a STEEL STRAmS VS TIME FOR BEAM F2D12 
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FIG. A. 21+b STEEL STRAINS VS TIME FOR BEAM F2D12 
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FIG. A. ~~5e. STEEL STRAIN VS TIME FOR BEAM F2D2 
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FIG. A. 25b STEEL STRAINS VS TIME FOR BEAM F2D2 
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FIG. A. 26e. STEEL STRAINS VS TIME FOR BEAM F2D22 
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FIG. A. 26b STEEL STRAINS VS TIME FOR BEAM F2D22 
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FIG. A.21 CONCRmE STRAIN VS TIME FOR SERIES F4 BEAMS 
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FIG. A. 28 CONCRETE STRAIN VS TIME FOR SERIES F3 BEAm l-' ~ 
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FIG. A.29 CONCRETE STRAIN VS TIME FOR SERIES F2 BEAm 
